PDB reference: LRR ectodomain of the receptor kinase SOBIR1 from Arabidopsis thaliana, 6r1h
Introduction
Plants have evolved a unique set of membrane receptor kinases (LRR-RKs) that are composed of a leucine-rich repeat ectodomain, a transmembrane helix and a dualspecificity kinase domain in the cytoplasm (Shiu & Bleecker, 2001) . The ectodomains of LRR-RKs show a bimodal size distribution (Fig. 1a ). Family members with large ectodomains (15-30 LRRs) represent ligand-binding receptors (Hohmann et al., 2017) . In contrast, SOMATIC EMBRYOGENESIS RECEPTOR KINASEs (SERKs; Schmidt et al., 1997 ) with short ectodomains (five LRRs) have been characterized as essential co-receptors . Ligand binding to large LRR-RKs promotes their association with shape-complementary SERKs at the cell surface, which in turn enables their cytoplasmic kinase domains to interact and to transphosphorylate each other (Santiago et al., 2013 (Santiago et al., , 2016 Hohmann, Santiago et al., 2018) . SERKs represent only five of the $60 small LRR-RKs in Arabidopsis ( Fig. 1a ; Dufayard et al., 2017) , but genetic evidence suggests that sequence-related NIK/CIK/CLERK proteins may fulfil similar functions Cui et al., 2018; Anne et al., 2018) .
Recently, the BIR family of receptor pseudokinases (with five LRRs in the ectodomain) have been defined as negative regulators of SERK co-receptors (Ma et al., 2017; . Ligand-independent interaction of a BIR and a SERK ectodomain keeps the LRR-RK co-receptor in a basal, inhibited state . In addition, the structure of POLLEN RECEPTOR-LIKE KINASE 6 (six LRRs in the ectodomain) in complex with a ISSN 2059-7983 peptide hormone ligand has been reported, but it is presently unclear whether PRK6 represents the receptor or a coreceptor for these peptides .
Here, we report the structure of the functionally distinct plant receptor kinase SOBIR1, which is predicted to have four or five LRRs in its ectodomain (Gao et al., 2009; Bi et al., 2016) . SOBIR1 was initially found in a suppressor screen of the bir1-1 mutant, which displays autoimmune phenotypes (Gao et al., 2009) . SOBIR1 loss of function restored wild-typelike growth in bir1-1, suggesting that SOBIR1 functions in plant immune signalling (Gao et al., 2009 ). Subsequently, it was found that SOBIR1 interacts with receptor-like proteins (RLPs; Liebrand et al., 2013) , a family of plant membrane proteins ($57 family members in Arabidopsis) that harbour LRR ectodomains and a transmembrane helix but lack a cytoplasmic kinase domain (Wang et al., 2008; Gust & Felix, 2014; Fig. 1b) . Many RLPs are plant immune receptors that recognize various microbe-associated molecular patterns and their signalling function depends on SOBIR1 (Liebrand et al., 2013; Zhang et al., 2013; Jehle et al., 2013; Albert et al., 2015; Postma et al., 2016; Catanzariti et al., 2017; Wang et al., 2018; Domazakis et al., 2018) . How different RLPs interact with SOBIR1 to activate plant immune signalling is poorly understood at the molecular level. Presently, it is known that a GxxxG motif in the SOBIR1 transmembrane helix is required for the interaction with different RLPs . It has also been demonstrated that the kinase activity of SOBIR1 is essential for its signalling function (van der Burgh et al., 2019) . Here, we present the crystal structure of the SOBIR1 ectodomain from A. thaliana (AtSOBIR1) and discuss its implications for plant immune signalling. Fig. 1a ).
Materials and methods

Protein expression and purification
The coding sequences of AtSOBIR1 (residues 1-270 and 1-183) as well as AtRLP23 1-849 and AtRLP32 1-818 were amplified from A. thaliana genomic DNA, GP67-RLP23 codon-optimized for expression in Spodoptera frugiperda was obtained from T. Nü rnberger, and PpNLP20-stop codonoptimized for expression in S. frugiperda was obtained as a synthetic gene (Twist Bioscience, San Francisco, USA). All protein-coding sequences were cloned into a modified pFastBac vector (Geneva Biotech), which provides a Tobacco etch virus protease (TEV)-cleavable C-terminal StrepII-9ÂHis tag. Shortened expression constructs and signal peptide swaps were constructed using Gibson-assembly cloning strategies (Gibson et al., 2009) .
For protein expression, Trichoplusia ni (strain Tnao38; Hashimoto et al., 2010) cells were infected with 15 ml of virus in 250 ml of cells at a density of 2.3 Â 10 6 cells ml À1 and incubated for 26 h at 28 C and 110 rev min À1 and then for a further 48 h at 22 C and 110 rev min
À1
. For co-expression, the cells were infected with 10 ml of each virus. Subsequently, the secreted ectodomains were purified from the supernatant by sequential Ni 2+ (HisTrap Excel; GE Healthcare; equilibrated in 25 mM potassium phosphate pH 7.8, 500 mM NaCl) and StrepII (Strep-Tactin XT, IBA; equilibrated in 25 mM Tris pH 8.0, 250 mM NaCl, 1 mM EDTA) affinity chromatography. The proteins were further purified by size-exclusion chromatography (on either a Superdex 200 Increase 10/300 GL or a HiLoad 16/600 Superdex 200 pg column, both from GE Healthcare) equilibrated in 20 mM sodium citrate pH 5.0, 150 mM NaCl. Purified proteins were then concentrated using Amicon Ultra concentrators (molecular-weight cutoff 10 000; Millipore) and purity and structural integrity were assessed by SDS-PAGE and right-angle light scattering (RALS). The molecular weights of the proteins (as determined by RALS) are $30.2 kDa for AtSOBIR1 1-270 and $38.1 kDa for AtSOBIR1 1-283 .
Crystallization and crystallographic data collection
Hexagonal SOBIR1 crystals ($400 Â 80 Â 80 mm) developed in hanging drops composed of 1 ml protein solution (20 mg ml À1 in 20 mM sodium citrate pH 5.0, 150 mM NaCl) and 1 ml crystallization buffer [25%(w/v) PEG 3350, 1 M LiCl, 0.1 M sodium acetate pH 5.5] suspended in 1 ml of the latter as a reservoir solution. Crystals were cryoprotected by serial transfer into crystallization buffer supplemented with glycerol to a final concentration of 15%(v/v) and snap-cooled in liquid N 2 .
Native ( = 1.033 Å , one 360 wedge at 0.1 oscillation) and redundant sulfur single-wavelength anomalous dispersion (SAD) data ( = 2.079 Å , three 360 wedges at 0.1 oscillation, with set to À10 , 0 and 10 ) were collected to 1.75 and 3.12 Å resolution, respectively, on beamline X06DA at the Swiss Light Source (SLS), Villigen, Switzerland equipped with a PILATUS 2M-F detector (Dectris) and a multi-axis goniometer. A second native data set to 1.55 Å resolution was recorded from a different crystal. Data processing and scaling were performed with XDS and XSCALE, respectively (version January 2018; Kabsch, 2010) .
Structure determination and refinement
The anomalous signal in the scaled SAD data set extended to $4.0 Å resolution when analysed with phenix.xtriage (Zwart et al., 2005; Adams et al., 2010) . The structure was solved using the molecular replacement/single-wavelength anomalous dispersion (MR-SAD) method as implemented in Phaser (McCoy et al., 2007) . An alignment of the SOBIR1 and SERK1 ectodomains (which share $30% sequence identity) was prepared in HHpred ( 
Analytical size-exclusion chromatography
Analytical size-exclusion chromatography (SEC) experiments were performed on a Superdex 200 Increase 10/300 GL column (GE Healthcare) pre-equilibrated in 20 mM sodium citrate pH 5.0, 250 mM NaCl. 200 mg of protein, injected in a volume of 100 ml, was loaded onto the column and elution at 0.75 ml min À1 was monitored by ultraviolet absorbance at = 280 nm. Peak fractions were analysed by SDS-PAGE.
Right-angle light scattering
The oligomeric state of SOBIR1 was analysed by sizeexclusion chromatography paired with a right-angle lightscattering (RALS) and a refractive-index (RI) detector using an OMNISEC RESOLVE/REVEAL combined system. Calibration of the instrument was carried out using a BSA standard (Thermo Scientific Albumin Standard). 100 mg of protein in a volume of 50 ml was separated on a . The data were analysed using the OMNISEC software (v.10.41).
Results
We obtained the A. thaliana SOBIR1 ectodomain (residues 1-270) by secreted expression in insect cells ( Fig. 2a; see Section 2). The N-glycosylated protein was crystallized using the vapour-diffusion method and the structure was solved by MR-SAD on beamline X06DA at the Swiss Light Source (see Section 2 and Table 1 ; Basu et al., 2019) . The solution in space group P6 5 comprises a dimer in the asymmetric unit, with the nine putative sulfur sites corresponding to a disulfide bridge in the N-terminal LRR capping domain, to a free cysteine and a methionine residue in the LRR core and to a free ion, which we interpreted as a chlorine anion originating from the crystallization buffer (Fig. 2b) . The model was refined against an isomorphous, high-resolution native data set at 1.55 Å resolution. An example region of the final (2F o À F c ) map is shown in Fig. 2(c) , highlighting the only N-glycan located in the structure, which was attached to Asn154.
The refined model reveals the presence of five LRRs in the SOBIR1 ectodomain, not four as initially proposed (Gao et al., 2009; Figs. 3a and 3b) . A genetic missense allele (sobir1-8; Val129 to Met), which causes a weak sobir1 loss-of-function phenotype, maps to the outer face of the LRR core in LRR2 (Gao et al., 2009) . The SOBIR1 LRR core is masked by an N-terminal capping domain, as found in many plant LRR-RKs (residues 34-90, shown in yellow in Fig. 3b ; Hohmann et al., 2017) . Loop residues 57-63 appear disordered in our structure (shown in grey in Fig. 3b ). The N-terminal cap features a protruding, unusual -hairpin structure (shown in magenta in Fig. 3b ), which presents several conserved basic and hydrophobic amino acids on its surface (Fig. 3c) .
A highly basic, low-complexity region is located at the C-termini of SOBIR ectodomains from different plant species (Fig. 4c) . In line with this, the C-terminal capping domain, which in plant LRR-RKs is normally terminated by a well defined disulfide bond (Hohmann et al., 2017) , is found to be largely disordered in our SOBIR1 structure (Fig. 3b) . This is reminiscent of the LRR-RK SERK3, which contains a prolinerich sequence at the C-terminus of its ectodomain and the C-terminal capping domain of which was also found to be largely unstructured in different SERK3-LRR-RK complex structures ( Fig. 3d ; Sun, Li et al., 2013; .
Analysis of the electrostatic surface potential of the SOBIR1 ectodomain revealed several basic patches on the inner side of the LRR solenoid (Fig. 3e) , some of which are highly conserved among SOBIR orthologues from different plant species (Figs. 3f and 4c) .
We next compared the SOBIR1 ectodomain with other plant LRR-RKs. A structural homology search with DALI (Holm & Sander, 1993) returned several large and small LRR ectodomains as the top hits. We focused our analysis on plant LRR-RKs with small ectodomains. The ectodomain of the SERK1 co-receptor kinase (PDB entry 4lsc; Santiago et al., 2013) has a DALI Z-score of 21.6 and superimposes with SOBIR1 with a root-mean-square deviation (r.m.s.d.) of $1 Å comparing 123 corresponding C atoms (shown in yellow in Fig. 4a ). SERK1 shares the number of LRRs and the N-terminal capping domain with SOBIR1, but has a canonical, disulfide-bond-stabilized C-terminal cap (Hohmann et al., 2017) . The peptide-ligand-sensing PRK6 ectodomain (PDB entry 5yah; DALI Z-score 19.2; Zhang et al., 2017) superimposes with an r.m.s.d. of $1.2 Å comparing 99 corresponding C atoms (shown in purple in Fig. 4a ). The ectodomain of the BIR3 LRR receptor pseudokinase (PDB entry 6fg8; DALI Z-score 20.7; aligns with an r.m.s.d. of $1.2 Å comparing 120 corresponding C atoms (shown in green in Fig. 4a ). Together, our structural comparisons reveal that functionally diverse plant receptor ectodomains share strong structural homology, with the exception of the N-terminal and C-terminal capping domains. In SOBIR1, a unique -hairpin protrudes from the N-terminal cap (Figs. 3b and 4a) . This hairpin and a loop structure connecting the N-terminal capping helix to the -hairpin both appear to be flexible, as judged by analysis of the crystallographic temperature factors (Fig. 4b) .
We located a crystallographic SOBIR1 dimer in our crystals, which would bring the C-terminal capping domains (connecting to the transmembrane helices in the context of the full-length receptor) into close proximity (Fig. 2a) . Analysis of the crystal packing with the PISA server (Krissinel & Henrick, 2007) revealed a rather small complex interface of $1000 Å 2 formed by several salt bridges, hydrogen bonds and a few hydrophobic contacts. We next performed analytical sizeexclusion chromatography and right-angle light-scattering experiments to assess the oligomeric state of the SOBIR1 extracellular domain in solution. At pH 5.0 (which corresponds to the pH associated with the plant cell-wall compartment), we found our SOBIR1 1-270 construct used for crystallization to be a monodisperse monomer with an approximate molecular weight of 30.2 kDa (the calculated molecular weight is 27.4 kDa; Figs. 5a and 5b). A longer construct that includes the complete extracellular region of SOBIR1 up to the transmembrane helix (residues 1-283) also behaves as a monomer, with an observed molecular weight of 38.1 kDa (the calculated molecular weight is 33.3 kDa; Figs. 5a and 5b). These experiments in solution suggest that the SOBIR1 dimer observed in our structure is likely to represent a crystal-packing artefact.
We next sought to test the genetic and in vivo biochemical finding that SOBIR1 forms heteromeric complexes with RLPs. To this end, we produced the LRR ectodomains of RLP23 and RLP32 from A. thaliana by secreted expression in insect cells (see Section 2). Utilization of the native signal peptide (AtNat), the baculoviral glycoprotein 67 signal peptide (GP67) or the signal peptide from Drosophila melanogaster binding protein (DmBiP; Fig. 6a ) all lead to accumulation and secretion of RLP23, but we found that the protein either aggregated or degraded in analytical size-exclusion chromatography assays (Fig. 6b) . RLP32 showed a similar behaviour when expressed using the different signal peptides (Fig. 6b) . We next varied the C-terminus of these constructs, omitting research papers the positively charged C-terminal tail (Fig. 6a) . However, this did not improve the behaviour of the resulting recombinant proteins. We next replaced the flexible N-terminal capping domain of RLP23 with the N-terminal cap of the STRUBBELIG RECEPTOR FAMILY 6 LRR-RK, but the resulting chimeric protein was still rapidly degraded in our research papers Acta Cryst. (2019). D75, 488-497
Hohmann & Hothorn Leucine-rich repeat ectodomain of SOBIR1 493 Figure 3 The SOBIR1 ectodomain harbours five LRRs and unusual capping domains. (a) Sequence alignment of the five SOBIR1 LRRs, with the canonical consensus sequence in black and the plant-specific LRR motif in blue. The LRR consensus sequence and a secondary-structure assignment calculated with DSSP (Kabsch & Sander, 1983) AtSOBIR1 shares a common architecture with other small plant LRR-RKs. (a) C traces of structural superposition of the ectodomain of SOBIR1 (blue) with AtSERK1 (left, orange; PDB entry 4lsc; Santiago et al., 2013) , AtPRK6 (centre, purple; PDB entry 5yah; Zhang et al., 2017) and AtBIR3 (right, green; PDB entry 6fg8; . The SOBIR1-unique extended -hairpin is highlighted in magenta. (b) Ribbon diagram of the SOBIR1 ectodomain with C atoms coloured according to their crystallographic temperature factors (red, high; blue, low). Residues 57-63, which are missing in the structure, are indicated by a dotted line. The N-and C-termini as well as an N-terminal capping-domain loop and the extending -hairpin appear to be flexible, in contrast to the rigid and well ordered LRR core. (c) Structure-based sequence alignment of the ectodomains of SOBIR1 from A. thaliana [UniProt (http://www.uniprot.org) identifier Q9SKB2], A. lyrata (UniProt identifier D7LEA5), Solanum lycopersicum (UniProt identifier K4C8Q3), Glycine max (UniProt identifier I1JXE0), Nicotiana tabacum (UniProt identifier Q8LP72) and Ricinus communis (UniProt identifier B9RAQ8) as well as A. thaliana SERK1 (UniProt identifier Q94AG2), SERK3 (UniProt identifier Q94F62), BIR2 (UniProt identifier Q9LSI9) and BIR3 (UniProt identifier O04567). Shown alongside is a secondary-structure assignment (calculated with DSSP; Kabsch & Sander, 1983) , with the Nand C-terminal capping domains highlighted in red and a unstructured region at the C-terminus shown in blue. Disulfide bridges are shown in yellow and the SOBIR1-specific -hairpin in purple; the position of Val129 of AtSOBIR1, which is mutated to methionine in sobir1-8, is indicated by a red box; positively charged residues in the unstructured C-terminal tail are highlighted in bold. preparations. Finally, we co-expressed the RLP23 1-849 ectodomain with its bona fide peptide ligand NLP20 (Bö hm et al., 2014) , the SOBIR1 1-283 ectodomain and the LRR domain of the putative SERK1 co-receptor kinase (Albert et al., 2015) . However, co-expression of the ectodomains of the putative signalling complex also did not improve the biochemical behaviour of RLP23, and thus we could not assess the role of the SOBIR1 ectodomain in immune-complex formation.
Discussion
The plant membrane receptor kinase SOBIR1 is a central regulator of plant immunity. It is required for signal transduction of conserved microbe-associated molecular patterns sensed by receptor-like proteins which lack cytoplasmic signalling domains (Gust & Felix, 2014) . In genetic terms, the deletion of BIR1 or the overexpression of SERK3 leads to an overactivation of immune signalling (Gao et al., 2009; Domínguez-Ferreras et al., 2015) . In both cases these effects can be suppressed by the deletion of SOBIR1, suggesting that an RLP-SOBIR1-SERK complex, negatively regulated by BIR1, controls this immune response in wild-type plants. SOBIR1 and RLPs are likely to form heteromeric signalling complexes. The conserved GxxxG motifs in their transmembrane regions, but neither the SOBIR1 LRR ectodomain nor the kinase domain, are required for this interaction to occur in planta . However, both an active kinase domain and the SOBIR1 LRR ectodomain are required for signalling van der Burgh et al., 2019) . The crystal structure of the SOBIR1 ectodomain reveals five LRRs sandwiched between unusual N-terminal and C-terminal capping domains (Fig. 2) .
The known genetic sobir1-8 missense allele (Gao et al., 2009) maps to the surface of LRR2, a unique -hairpin structure presents conserved aromatic amino acids (Phe73 and Tyr85) at the surface of the domain, and the inner surface of the LRR core contains conserved patches of basic residues. Together, these structural observations argue for a role of the SOBIR1 ectodomain in mediating protein-protein interactions at the cell surface. In this respect, it is of note that the area corresponding to the disordered loop region in the SOBIR1 N-terminal cap (shown in grey in Fig. 2b ) is involved in receptor-ligand interactions in the structurally related SERK LRR-RKs (Santiago et al., 2013 (Santiago et al., , 2016 Sun, Li et al., 2013; Hohmann et al., 2017; Hohmann, Santiago et al., 2018) .
At this point, we can only speculate about the nature of these protein-protein interactions. RLPs involved in plant development have been shown to directly interact with the ectodomains of large ligand-binding LRR-RKs, contributing to the sensing of small protein hormones (Lin et al., 2017) . We speculate that the ectodomain of SOBIR1 may play a similar role in RLP-mediated immune signalling, potentially by contributing conserved interaction surfaces from the LRR core and/or from the protruding -hairpin, as seen in our artificial crystallographic dimer (Figs. 2b and 5) . In fact, the rather basic inner surface of the SOBIR1 LRR core (Fig. 3e) may provide a docking platform for the highly negatively charged sequence stretch in different RLPs located adjacent to the RLP C-terminal capping domain (Gust & Felix, 2014) .
Alternatively, the SOBIR1 ectodomain could represent a binding platform for pathogen-or plant cell-wall-derived ligands, based on the structural and biochemical observation that LRR domains with few repeats such as the plant RPK6 or animal lymphocyte receptors have evolved to bind peptide and small-molecule ligands Han et al., 2008) .
To test these various hypotheses, we expressed different RLPs from Arabidopsis for biochemical interaction studies, as previously reported for the RLP23 ectodomain (Albert et al., 2015) . However, using different expression and purification strategies (different signal peptides, construct lengths and co-expression with a secreted peptide ligand, SOBIR1 and SERKs) we could not obtain well behaving samples of RLP23 or RLP32 for quantitative binding assays. In our hands, it is thus presently not possible to dissect the contribution of the SOBIR1 ectodomain to RLP ligand sensing, complex formation and signalling at the biochemical and structural levels.
